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Abstract: In a large class of scenarios, dark matter (DM) particles that belong to a
multiplet of the standard model (SM) weak interactions are challenging to probe in direct
detection experiments due to loop-suppressed cross-sections. Direct production at colliders
is thus crucial to look for such DM candidates, and under current estimates, future runs
of the 14-TeV LHC are projected to probe masses of around 300 GeV for DM belonging to
an SU(2) doublet (Higgsino-like), and 900 GeV for SU(2) triplet (wino-like). We examine
how far this mass reach can be extended at the proposed 27-TeV high-energy upgrade of
the LHC (HE-LHC), and compare the results to the case for a 100-TeV hadron collider.
Following a detector setup similar to that of the ATLAS tracking system for the Run-2
LHC upgrade, with a new Insertable B-Layer (IBL), a disappearing charged track analysis
at the HE-LHC can probe Higgsino-like (wino-like) DM mass of up to 600 GeV (2.1 TeV)
at the 95% C.L. The monojet and missing transverse momentum search, on the otherhand,
has a weaker reach of 490 GeV (700 GeV) at 95% C.L. for the Higgsino-like (wino-like)
states. The mass range accessible in the collider searches can be complementary to the
indirect detection probes using gamma rays from dwarf-spheroidal galaxies.ar
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1 Introduction
One of the simplest realizations of weakly interacting massive particles (WIMP), that could
be a natural candidate for dark matter (DM), is the electrically neutral component of a
multiplet of the standard model (SM) weak interaction gauge group SU(2)L [1, 2]. The
well-known example of such DM candidates is that of wino and Higgsino in the minimal
supersymmetric SM (MSSM) with R-parity conservation [3]. For each assignment of the
DM spin and the SU(2)L quantum numbers, the only free parameter in this model for
WIMPs is the DM mass. If we further impose the requirement that a single particle species
makes up the entire DM relic density through the mechanism of thermal freeze-out, we
arrive at the well-known relation [4–6]
Ωh2 = 0.11
(
2.2× 10−26 cm3/s
〈σeffv〉freeze−out
)
, (1.1)
where, σeff is the effective cross-section, which includes the appropriately Boltzmann-
weighted thermal averaged contribution from co-annihilating particles, important for DM
belonging to electroweak multiplets [7–9]. For such electroweak DM candidates, since the
annihilation rate is fixed by gauge interactions, in the limit MDM  MW,Z, it can be ex-
pressed by simple relations with only one mass-scale, MDM. For example, for wino-like
SU(2)L triplets, the effective annihilation rate is approximately given by [10]
〈σeffv〉freeze−out ' 3g
4
16piM2DM
, (1.2)
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leading to the thermal relic abundance of
ΩW˜h
2 ' 0.1
(
MDM
2.2 TeV
)2
. (1.3)
The above relation gets modified on taking into account corrections from the non-perturbative
Sommerfeld enhancement in wino pair-annihilation [11], and SU(2)L triplets of mass around
3 TeV saturate the observed DM abundance. Similarly, for SU(2)L doublet Higgsino-like
DM, the corresponding mass scale is around 1 TeV [12]. Thus, one obtains a rather robust
prediction for the mass of electroweak DM making up the observed DM density. For DM
lighter than the above mass scales the thermal relic density is lower, hence either mak-
ing them viable candidates for a fraction of the total DM in the Universe, or requiring
non-thermal production mechanisms [13].
The prospects for probing such electroweak DM at underground direct detection exper-
iments depends on the representation of the multiplet under SU(2)L and its hypercharge.
For Dirac fermions or complex scalars with non-zero hypercharge, tree-level neutral current
vector interaction with the Z boson leads to a large spin-independent (SI) scattering rate
with nuclei. On the other hand, for Majorana fermions and real scalars, the vector couplings
vanish identically. We will focus on the detection prospects for SU(2)L triplet and doublet
Majorana fermions in this study 1. Their SI interaction rate with nuclei is suppressed, as
it is generated only at the one-loop order, and suffer from accidental cancellations between
different class of diagrams [14, 15]. For wino-like triplet states with zero hypercharge, the
SI cross-section with proton is only mildly sensitive on the DM mass, and in the limit
MDM  MW is found to be around 2.3 × 10−47cm2, including higher order corrections
at next-to-leading order in αS [14]. Thus, to probe these DM candidates at the direct
detection experiments, we would need multi-ton scale detectors. For Higgsino-like SU(2)L
doublet Majorana fermions, the rate is further suppressed, and the cross-section is around
10−49cm2, which is below the irreducible neutrino floor, making a detection challenging.
Indirect detection experiments looking for gamma-ray signals from annihilating DM
in low-background dwarf-spheroidal galaxies (dSphs) constitutes a more promising probe
for electroweak DM candidates [2, 11, 17]. For wino-like DM, there is an enhancement of
the annihilation rate in certain mass regions in which the exchange of multiple electroweak
gauge bosons between the DM particles in the initial state gives rise to a long-range potential
(Sommerfeld enhancement) [11]. The current constraints from the Fermi-LAT search for
diffuse gamma ray signal from dSphs excludes wino DM mass below around 400 GeV, and in
a small window around 2 TeV, if it makes up the whole of DM [17, 18]. However, for these
mass values, thermally produced winos are under-abundant. For this reason, as well as
1SU(2)L doublet fermions with non-zero hypercharge, such as the pure Dirac Higgsino in the MSSM,
have a vector interaction with the Z boson. However, effective couplings with the Higgs boson (such as those
induced by integrating out the gauginos in the MSSM) generate a small mass splitting, thereby decomposing
the neutral Dirac fermion into two Majorana fermions, and avoiding the vector interaction. We also need
to ensure that such a mixing with the gauginos does not induce large SI scattering through the Higgs boson
exchange. For mass splittings larger than ∆m & O(100) keV, inelastic up-scattering between two Majorana
Higgsino mass eigenstates [16] is also avoided. Such mass splittings are however typically so small that they
would not affect the collider analyses in the following sections.
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to cover the yet-unexplored window in indirect searches, collider probe becomes necessary.
For Higgsino-like DM, the annihilation rate is significantly smaller, and the current dSphs
constraints only probe mass values smaller than around 350 GeV, if they saturate the
required DM abundance [19]. Thus for Higgsino-like states, the collider probe is crucial as
well.
Directly probing heavy electroweak DM at the 14-TeV LHC is found to be very challeng-
ing − primarily because of lower Drell-Yan pair production rates for the heavy DM particle
and their charged counterparts, and also for the lack of clean experimental handles which
can be utilized to suppress the relevant SM backgrounds. Motivated by the supersymmetric
wino and Higgsino scenarios, the ATLAS and CMS collaborations have carried out several
different searches for electroweak DM at the LHC [20–24]. The main collider signatures
in the framework under consideration are governed by the small mass splitting between
the charged and neutral components of the EW multiplets of about a few hundred MeV.
As such, there are broadly two class of searches which are mostly independent of detailed
model assumptions. The first one is the classic monojet and missing transverse momen-
tum search for a pair-produced DM particle in association with a hadronic jet originating
from initial state radiation. The second one utilizes the fact that, in the absence of large
additional corrections from higher-dimensional operators, the mass splitting between the
charged and neutral components of the DM SU(2)L multiplets is small − of the order of a
few hundred MeV. Thus, the decay length of the electrically charged state is large enough to
be observed as a disappearing charged track at the LHC detectors. This additional handle
helps reduce the SM backgrounds compared to the first search category with only missing
momentum requirements, though it does introduce additional systematic uncertainties in
the background estimate. The current LHC lower bound using these search strategies for
wino-like (Higgsino-like) states is around 460 (152) GeV at 95% C.L. [21, 22], and as we
will see later, it is projected to improve to 900 (300) GeV at the end of the high-luminosity
LHC run (HL-LHC) for wino (Higgsino) states.
Studies on the prospects of finding electroweak DM at future hadron colliders with the
14-TeV and 100-TeV centre of mass energies have been performed earlier with a detector
design similar to that of the 8 TeV Run-1 LHC [25, 26]. Possible interesting proposals
for improving the reach of Higgsino-like DM in disappearing charged track search have
also been put forward [27, 28]. In particular, the latter studies investigated the impact of
reducing the required number of hits in the tracking system by the candidate charged track,
and found that under optimistic scenarios for the SM background estimates, the reach at
a 33 TeV [28] and subsequently a 100 TeV collider [27] can be significantly improved for
Higgsino states.
In this paper, we examine the discovery potential of the electroweak DM at future high
energy hadron colliders. We consider two proposals: a 27-TeV upgrade of the LHC (HE-
LHC), which can be achieved within the current LHC ring with upgraded magnets [29], and
the proposed 100 TeV future collider [30] at CERN (FCC-hh) [31] and in China (SppC) [32].
We adopt the updated detector design with the new Insertable B-Layer (IBL) included in
the ATLAS tracking system for the Run-2 13 TeV LHC [33], and model our background
estimates by extrapolating the ATLAS results, using similar methods as adopted in previous
– 3 –
studies [25, 26].
The subsequent sections are organized as follows. In Sec. 2 we briefly describe the
relevant details of the electroweak DM model, the signal and background processes for the
search channels utilized in our analysis, and the simulation framework adopted. In Sec. 3 we
discuss the distribution of different kinematic observables used to distinguish between the
signal and the background processes, the event selection criteria, and a simple optimization
of the kinematic selections to improve the signal to background ratio. We then go on to
present our main results, discussing the comparative reach of 14-TeV HL-LHC, 27-TeV HE-
LHC and the 100-TeV FCC-hh/SppC options. We conclude with a brief summary of our
results and an outlook in Sec. 4.
2 Analysis Setup
2.1 Effective interaction Lagrangian
We begin with a brief review of the relevant effective interactions of pure wino and Higgsino
states with the SM sector, as well as the radiative mass splitting between the charged and
neutral components of the electroweakinos generated by SM gauge interactions. Although
we will adopt the supersymmetric terminology to describe the SU(2)L doublet and triplet
DM scenarios in the following, our discussion is valid in general for an effective theory, with
the SM augmented by a stable DM multiplet.
The effective interaction Lagrangian at dimension-4 for charged (χ˜±) and neutral (χ˜0)
winos with the SM electroweak gauge bosons is given as
LWV χχ ⊇ −g
(
χ˜
0
γµχ˜+W−µ + h.c.
)
+ gχ˜
−
γµχ˜− (cos θWZµ + sin θWAµ) , (2.1)
where g is the SU(2)L gauge coupling, and θW is the weak-mixing angle. In the absence of
large corrections from couplings with the fermion and sfermion sectors of the MSSM, these
gauge interactions induce a mass splitting between the charged and neutral winos (δmW˜ ),
which, at the two-loop order can be parametrized as follows [34]
δmW˜
1 MeV
= −413.315 + 305.383
(
log
mχ˜0
1 GeV
)
− 60.8831
(
log
mχ˜0
1 GeV
)2
(2.2)
+ 5.41948
(
log
mχ˜0
1 GeV
)3 − 0.181509(log mχ˜0
1 GeV
)4
,
where mχ˜0 is the neutral wino mass. The corresponding decay lifetime of the charged wino
to a neutral wino and a charged pion is given in terms of the cτ -value by [34]
cτ ' 3.1 cm
[(
δmW˜
164 MeV
)3√
1− m
2
pi
δm2
W˜
]−1
, (2.3)
with mpi being the charged pion mass. We have normalized the mass difference to 164 MeV,
which is the mass splitting in the limit of heavy WIMPs, MDM  mW .
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Similarly, the effective interaction Lagrangian at dimension-4 for charged (χ±H) and
neutral (χ0H) Dirac Higgsinos with the SM electroweak gauge bosons is given by
LHV χχ ⊇ −
g√
2
(
χ0Hγ
µχ−HW
+
µ + h.c.
)
+ gχ−Hγ
µχ−H
(
1/2− s2W
cW
Zµ + sWAµ
)
− g
2cW
χ0Hγ
µχ0H Zµ, (2.4)
with sW = sin θW and cW = cos θW . The above interactions induce a one-loop mass
splitting between the charged and neutral states (δmH˜) which can be written as
δmH˜ =
g2
16pi2
mH˜ sin
2 θW f
(
mZ
mH˜
)
, (2.5)
where the loop function is given by
f(r) = r4 ln r − r2 − r
√
r2 − 4(r2 + 2) ln
√
r2 − 4 + r
2
. (2.6)
The corresponding decay lifetime of the charged Higgsino to a neutral Higgsino and a
charged pion can be parametrized in terms of the cτ -value as [28]
cτ ' 0.7 cm×
[(
δmH˜
340 MeV
)3√
1− m
2
pi
δm2
H˜
]−1
. (2.7)
As we can observe from Eqs. (2.3) and (2.7), for typical values of the mass splitting between
the charged and neutral states, the charged wino has a considerably larger decay length
compared to the charged Higgsino. This makes the search for winos more favorable than
Higgsinos in the disappearing charged track analysis.
2.2 Signal and background processes
As mentioned in the introduction, we will focus on two different search strategies for elec-
troweak DM at hadron colliders, both of which are being carried out by the ATLAS and
CMS collaborations at the Run-1 and Run-2 LHC: namely, the monojet plus missing trans-
verse momentum search and the disappearing charged track analysis. For the 27-TeV HE-
LHC and 100 TeV FCC-hh/SppC upgrades, we will also discuss a simple optimization of
the kinematic selection criteria in the next section. In this section, we briefly describe the
signal and background processes for these search channels, as well as the Monte Carlo (MC)
simulation framework adopted for them in our analysis.
For the signal process, we consider the electroweak production of chargino and neu-
tralino pair in proton-proton collisions, where the dominant contribution to the total cross-
section comes from the following three sub-processes:
pp→ χ˜+1 χ˜−1 + jets,
→ χ˜±1 χ˜0i + jets,
→ χ˜0i χ˜0j + jets, with i, j = 1, 2, for Higgsino-like states. (2.8)
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Thus, in each event for the first two sub-processes either one or two charged states are
produced, which is relevant for the disappearing track analysis. All three sub-processes
contribute to the signal in the monojet search channel, since the charged pions from the
chargino decay are too soft to detect at hadron colliders 2. In the context of the MSSM, we
have assumed here that all other sparticles except the DMmultiplet is decoupled. Therefore,
for the wino DM scenario, there is one light Majorana neutralino and one light chargino
present in the low-energy spectrum. For the corresponding case of Higgsino DM, there is
again one light chargino, while the number of light Majorana neutralinos is two.
For both the search channels, with the presence of missing transverse momentum as one
of the criteria, the dominant SM backgrounds come from single weak boson production in
association with multiple hard jets. The total background cross-section in final states with-
out any charged leptons is thus dominated by Z+jets production, with Z → ν¯ν. A similar
order of magnitude contribution is obtained from W±+jets production, with W+ → `+ν
(` = e, µ, τ), where the charged lepton (except for hadronic decays of the tau) falls outside
the tracker coverage of the detector. A sub-dominant component of the total background
also comes from the top quark pair production process.
In our analysis, for both the signal and the background processes, we have generated
MC events with matrix element (ME) and parton-shower matched using the MLM prescrip-
tion [36], whereby we have included up to two additional hard jets at the ME level. All
the parton level event samples have been obtained using the MG5aMCNLO [37] event genera-
tor, followed by parton shower and hadronization with PYTHIA6.4.28 [38], and fast detector
simulation using DELPHES3 [39]. We have employed the CTEQ6L1 [40, 41] parton distribution
functions, and have used the event-by-event default choice for the factorization and renor-
malization scales as implemented in MG5aMCNLO. Jets have been defined using the anti-kT
algorithm [42, 43], with the radius parameter R = 0.5.
In order to obtain a large statistics of MC events in the kinematic region of our interest,
we generated our event samples after strong cuts on the transverse momentum of the leading
jets at the ME level. For the dominant as well as very large Z+jets background, we have
applied an additional generation level cut on the missing transverse momentum variable.
This makes it difficult for us to normalize our total matched cross-sections to next-to-
leading order (NLO) in QCD results, since it requires a fully differential NLO simulation
to obtain the proper K-factors after the above cuts. Therefore, we abstain from adopting a
normalization by such K-factors for both the signal and background processes 3.
A few more comments are in order for the disappearing charged track analysis. Since our
detector simulation cannot reproduce the trigger efficiency and the charged track selection
efficiency obtained by the ATLAS collaboration, we have used an overall rescaling fudge
factor of 0.1 to normalize our signal event yields to those reported by ATLAS [21].
Within our simulation framework, it is also difficult to estimate the SM background
2Future electron-proton colliders, such as the LHeC or FCC-eh, could have unique sensitivity to BSM
signals with such soft final state particles, and to short lifetimes of the decaying charged states [35].
3Since both the signal and background are electroweak processes, they have a similar NLO K-factor of
about 1.4 [44, 45]. Therefore, we expect the higher order corrections not to change the signal to background
ratio S/B appreciably, but to slightly improve the statistical significance of the signal S/
√
B.
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rates in the disappearing charged track analysis, which ensue from fake tracklets, missing
leptons, and charged hadrons. We therefore adopt an empirical formula reported by the
ATLAS collaboration by fitting the data obtained in their LHC Run-2 analysis. The dif-
ferential distribution of the disappearing charged tracks as a function of their transverse
momenta (pT ) can be parametrized as follows:
dNEvents
dpT
= N0 exp
(−p0 log(pT )− p1 log(pT )2) , (2.9)
with p0 = 0.894 and p1 = 0.057, as obtained by a fit to the fake tracklet data from the
13 TeV LHC. The overall normalization factor N0 is obtained to match the number of
background events from fake tracklets obtained in the ATLAS analysis involving tracks
with pT > 20 GeV. For different collider energies the functional dependence on the track
pT is assumed to remain the same, while we rescale the overall normalization by the ratio
of the Z+jets total cross-section, as also assumed in previous studies. Although Z+jets
gives the dominant contribution to the total cross-section in the final state of interest
(with a substantial missing transverse momentum and no charged lepton), there are also
significant contributions from W+jets and tt¯+jets processes. In order to take these latter
contributions into account, along with the uncertainty in the background estimate using
our simple methodology, we have varied the central value of the background rate by a factor
of five in our subsequent analyses 4.
3 Results
3.1 Kinematic selection of signal region
3.1.1 Mono-jet +/ET search
The kinematic selection criteria employed in the monojet plus missing transverse momen-
tum channel is well-established, with increasingly stronger requirements on the transverse
momenta of the hadronic jets (pT j) and the missing transverse momentum (/ET ), as the
collider energy is increased. While we have optimized the above requirements for the HE-
LHC and the FCC-hh/SppC analyses, for the corresponding HL-LHC scenario, our analysis
closely follows the one by the CMS collaboration in Ref. [46], to facilitate comparison. In
our optimization of the kinematic selections for the higher centre of mass energies, we have
maximized the statistical significance of the search, at the same time ensuring a large signal
event rate.
In Fig. 1, we show the normalized distributions for missing transverse momentum at
the 27 TeV HE-LHC. The distributions are presented for both the signal process and the
dominant SM background process of single weak boson (W/Z) production with multiple
hard jets (black solid line). For the signal process, we show two representative mass values
each for wino pair production (solid lines), and Higgsino pair production (dashed lines):
4As we do not perform a shape analysis, only the total number of events after the relevant cut enters
our final estimate. Although the actual shape is relevant in the cut optimization, we keep the shape fixed
within the scope of our study.
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Figure 1: Normalized distribution for missing transverse momentum in single weak boson (W/Z)
production associated with multiple hard jets, in the SM (black solid lines), and in charged and
neutral wino and Higgsino pair production events at the 27-TeV HE-LHC. The results are shown
for two representative mass values of the winos (solid lines) and Higgsinos (dashed lines): 500 GeV
(blue) and 1 TeV (red).
namely, 500 GeV (blue) and 1 TeV (red). As we can see from this figure, for higher mass of
the winos and Higgsinos, the pT spectrum of the associated ISR (and hence the /ET ) is also
harder, as expected. A requirement of approximately /ET > 2 TeV can potentially enhance
the signal over background ratio for the above electroweakino mass values.
For the event selection of the monojet channel, we require that all events have a hard
central jet with a high threshold and also allow for a second jet with
pT > pT,j1 , |η| < 2; pT > pT,j2 , |η| < 4.5; and ∆R > 0.5, (3.1)
and with an azimuthal separation ∆φj1,j2 < 2.5, to remove back-to-back jets. Any ad-
ditional jets passing the minimum threshold pT > pT,j2 within |η| < 4.5 are vetoed,
i.e., Njets 6 2. A lepton veto is applied with events with electrons (muons) with pT >
20 GeV, |η| < 2.5 (2.1) are excluded. Events with hadronic taus with pT > pT,τ , |η| < 2.4
are also vetoed. Finally, an optimized requirement on missing transverse momentum is
applied, with /ET > /ET
min.
We summarize the threshold values of the cuts, namely, /EminT , pT,j1 , pT,j2 , pT,τ , for dif-
ferent collider options in Table 1. As mentioned earlier, we vary the /ET and pT,j2 cuts for
the 27 TeV and 100 TeV scenarios in the ranges specified in the table to optimize the signal
significance.
The optimized set of kinematic cuts for the HE-LHC is given in Table 2, with the cor-
responding signal and background cross-sections. Here, basic cuts refers to the requirement
of /ET > 1600 GeV at the matrix-element level. We also show the efficiency of each cut
on the signal (S) and background rates (B), as well as the improvement in the signal-to-
background ratio (S/B) with each cut. As we can see from Table 2, for the representative
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√
s /E
min
T [GeV] pT,j1 [GeV] pT,j2 [GeV] pT,τ [GeV]
14 TeV 650 300 30 30
27 TeV 1800–2700 400 60–160 30
100 TeV 4800–7000 1200 250–450 40
Table 1: Threshold values of different kinematic observables, namely, /EminT , pT,j1 , pT,j2 , pT,τ for
different collider options in the monojet analysis, and the optimization range considered for the
HE-LHC and FCC-hh/SppC colliders. See text for details.
Cuts
Bckgrnd
B
mW˜ = 500 GeV mH˜ = 500 GeV
[fb] Signal [fb] S S/B [%] Signal [fb] S S/B [%]
Basic cuts 26.50 - 0.40 - 1.52 0.21 - 0.79
pTj1 > 400 GeV 26.12 0.99 0.40 0.99 1.52 0.21 0.99 0.79
Njets 6 2 21.13 0.81 0.33 0.83 1.55 0.17 0.83 0.81
∆φj1,j2 20.13 0.95 0.32 0.98 1.60 0.17 0.98 0.83
Muon veto 16.13 0.80 0.32 1.00 1.99 0.17 1.00 1.04
Electron veto 12.78 0.79 0.32 1.00 2.52 0.17 1.00 1.31
Tau veto 10.88 0.85 0.31 0.98 2.88 0.16 0.98 1.50
/ET > 2.2 TeV 1.03 0.09 0.05 0.15 4.59 0.02 0.15 2.32
Table 2: Signal and background cross-sections in the monojet+/ET channel at the 27-TeV HE-
LHC after successive selection cuts on different kinematic observables; see text for details on the
selection criteria. The efficiency of each cut on the signal (S) and background rates (B), along
with the signal to background ratio (S/B) are also shown. We have shown the results for the
representative mass value of 500 GeV for the wino and Higgsino states.
mass value of 500 GeV for the chargino and neutralino states, the S/B ratio that can be
achieved is at most 4.59×10−2 for wino-like states, and 2.32×10−2 for Higgsino-like states.
As such, the systematic errors could be a main concern for the monojet+/ET search.
However, encouragingly, the theoretical errors on theW/Z+jets background rates have been
reduced to a few percent level with the recent NNLO QCD corrections and NLO electroweak
corrections supplemented by Sudakov logarithms at two loops [47]. At the same time, the
current uncertainties on the estimate of the background cross-sections using data-driven
methods are also at the few percent level [48], which are expected to further reduce with
the accumulation of higher statistics.
3.1.2 Disappearing charged track search
We have discussed the methodology adopted for our estimate of the normalization and the
shape of the SM backgrounds in the disappearing charged track search analysis in Sec. 2.2.
We also described the lifetime (expressed as cτ) of the charged wino and Higgsino states
in their rest frame in Sec. 2.1. The decay length of the charginos in the LHC detectors
is determined by cτ and the transverse momentum distribution of the chargino. We show
in Fig. 2 (left column) the transverse momentum distribution of the chargino track for
both the wino-like (solid line) and the Higgsino-like (dashed line) scenarios at the 27 TeV
HE-LHC with 15 ab−1 data. The distributions have been shown for the chargino mass
– 9 –
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Figure 2: Transverse momentum (left panel) and transverse track length (right column) distribu-
tion of disappearing charged tracks in charged and neutral wino (solid lines) and Higgsino (dashed
lines) pair production events (with at least one chargino in each event), for the 27-TeV HE-LHC
with 15 ab−1 data. The results are shown for two representative mass values of the winos and
Higgsinos: 500 GeV (blue) and 1 TeV (red).
value of 500 GeV (blue) and 1 TeV (red). As we can see from this figure, the overall shape
of the distribution is similar for Higgsino and wino-like states, while the total production
cross-section is a factor of two larger in the latter scenario.
Combined with the proper life-time, the transverse momentum distribution of the tracks
determine the transverse charged track length in the signal events, which is the most im-
portant observable in the disappearing charged track analysis. We show this distribution
in Fig. 2 (right column), with the parameter choice and color coding used same as for
the previous figure. It is clear from this figure that in order to probe a Higgsino of mass
O(1 TeV), we need tracking coverage in the range of 10 − 20 cm, which is now possible
after the inclusion of the additional B-layer in the Run-2 upgrade of the ATALS detector.
We now briefly describe the event selection criteria used for the disappearing charged
track analysis. We require one hard central jet plus large missing momentum in the events
with
pT > pT,j1 , |η| < 2.8, /ET > /ETmin. (3.2)
Charged lepton veto is applied as described above for the monojet channel. Furthermore,
the missing transverse momentum vector is required to have an azimuthal separation from
the leading jet by
∆φ
j1, /~ET
> 1.5. (3.3)
If there is a second jet with
pT > pT,j2 , |η| < 2.8, (3.4)
in addition, ∆φ
j2, /~ET
> 1.5 is also required. A candidate charged track is required to have
pT > pT track, 0.1 < |η| < 0.9, (3.5)
with no hadronic jet within a cone of ∆R < 0.4, where ∆R is the separation in the
pseudorapidity azimuthal angle plane. Finally, we demand all events to have at least one
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√
s /ET [GeV] pT,j1 [GeV] pT,j2 [GeV] pT,track [GeV]
14 TeV 150 150 70 250
27 TeV 400 – 700 400 – 600 140 400 – 700
100 TeV 1000 – 1400 700 – 1400 500 1000 – 1400
Table 3: Threshold values of different kinematic observables, namely, /EminT , pT,j1 , pT,j2 and pT,track
for different collider options in the disappearing charged track analysis, and the optimization range
considered for the HE-LHC and FCC-hh/SppC colliders. See text for details.
candidate track with radial track length in the range
12 < d < 30 cm. (3.6)
We summarize the threshold values of the cuts, namely, /EminT , pT,j1 , pT,j2 and pT,track, for
different collider options in Table 3. As mentioned earlier, we vary the /ET , pT,j1 and pT,track
cuts for the 27 TeV and 100 TeV scenarios in the ranges specified in the table to optimize
the signal significance.
The optimized set of kinematic cuts for the HE-LHC is given in Table 4, with the
corresponding signal cross-sections. Here, basic cuts refers to the requirement of /ET >
150 GeV at the matrix-element level. We also show the efficiency of each cut on the signal
(S) rates. As we can see from Table 2, for the representative mass value of 500 GeV for
the chargino and neutralino states in the wino-like scenario, we expect a cross-section of
1.59 fb, which, after taking into account the efficiency fudge factor of 0.1 mentioned in
Sec. 2.2, would imply 2385 signal events with 15 ab−1 data at the HE-LHC. Following the
methodology described in the above section, we also expect around 28 background events.
Thus, even if the background normalization increases by upto a factor of five, the signal to
background ratio, S/B, would be in the range of 17 − 85. Similarly, for the Higgsino-like
scenario, the S/B ratio is estimated to be in the range of 1− 7 for the representative mass
value of 300 GeV. Both these numbers are encouraging and imply that with a detector
design similar to that of Run-2 LHC, the experimental uncertainties in the disappearing
charged track search will be largely statistical in nature.
3.2 Comparative reach of different hadron collider options
We are now in a position to compare the reach of different hadron collider options in
searching for wino and Higgsino dark matter and their associated charged states. We will
show the results for three different scenarios of the collider energy and integrated luminosity:
HL-LHC : 14 TeV, 3 ab−1,
HE-LHC : 27 TeV, 15 ab−1,
FCC-hh/SppC : 100 TeV, 30 ab−1. (3.7)
To present our results on the future reach of the above collider options, we adopt a
definition of significance
S√
B + (∆BB)2 + (∆SS)2,
(3.8)
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Cuts
mW˜ = 500 GeV mH˜ = 300 GeV
Signal [fb] S Signal [fb] S
Basic cuts 102.91 - 242.53 -
Lepton veto 102.90 1.00 242.52 1.00
pTj1 > 450 GeV 16.42 0.16 30.86 0.13
/ET > 550 GeV 11.29 0.69 18.81 0.61
∆φj, /ET > 1.5 10.61 0.94 17.54 0.93
pT track > 400 GeV 7.05 0.66 8.43 0.48
Track isolation
12 < d < 30 cm 1.59 0.23 0.13 0.01
Table 4: Signal cross-section in the disappearing charged track analysis at the 27-TeV HE-LHC
after successive selection cuts on the kinematic and track-quality observables; see text for details
on the selection criteria. The efficiency of each cut on the signal (S) rates is also shown. We
have presented the results for the representative mass value of 500 GeV (300 GeV) for the wino
(Higgsino) states.
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Figure 3: Comparative reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the mono-
jet channel for wino-like (left panel) and Higgsino-like (right panel) DM search. The solid and
dashed lines correspond to optimistic values of the systematic uncertainties on the background es-
timate of 1% and 2% respectively, which might be achievable using data-driven methods with the
accumulation of large statistics.
where S and B are the total number of signal and background events as before, and ∆S ,∆B
refer to the corresponding percentage systematic uncertainties, respectively. For the mono-
jet channel, we have taken ∆B = 1−2% and ∆S = 10%, while for the disappearing charged
track analysis, we assume ∆B = 20% and ∆S = 10%. As emphasized earlier, although the
systematic uncertainties in the current LHC analyses in the above channels are larger, the
uncertainties in the background estimate using data-driven methods are expected to fur-
ther reduce with the accumulation of higher statistics. Furthermore, since our background
estimate in the disappearing track analysis is a simple extrapolation of the ATLAS results
for the 13 TeV LHC, we have also varied the central value of the background yield within
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Figure 4: Comparative reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the disap-
pearing charged track analysis for wino-like (left panel) and Higgsino-like (right panel) DM search.
The solid and dashed lines correspond to modifying the central value of the background estimate
by a factor of five, i.e., 20% and 500% of that obtained through the fit function in Eq. 2.9.
a factor of five (i.e., between 20% and 500%) of the number obtained using the method
discussed in Sec. 2.2.
In Fig. 3 we compare the reach of the HL-LHC, HE-LHC and FCC-hh/SppC options
in the monojet channel for wino-like (left panel) and Higgsino-like (right panel) DM search,
where δB =
√
B + (∆BB)2 + (∆SS)2. The solid and dashed lines correspond to systematic
uncertainties on the background estimate of 1% and 2% respectively. In an optimistic
scenario, we can expect to probe at the 95% C.L. wino-like DM mass of upto 280, 700
and 2000 GeV, at the 14, 27 and 100 TeV colliders respectively. For the Higgsino-like
scenario, these numbers are reduced to 200, 490 and 1370 GeV, primarily due to the reduced
production cross-section. Clearly, a 27 TeV collider can achieve a substantially improved
reach by a factor of two or more compared to the HL-LHC, while the 100 TeV collider option
will improve it further by another factor of three. Furthermore, a 100 TeV collider option
may be able to completely cover the thermal Higgsino mass window using the monojet
search, if the systematic uncertainties can be brought down to a percent level.
In Fig. 4 we compare the reach of the HL-LHC, HE-LHC and FCC-hh/SppC options
in the disappearing charged track analysis for wino-like (left panel) and Higgsino-like (right
panel) DM search. The solid and dashed lines correspond to modifying the central value of
the background estimate by a factor of five, i.e., 20% and 500% of that obtained through
the fit function in Eq. (2.9). With the lower value of the background estimate, the expected
reach on wino-like DM mass at the 95% C.L. is 0.9, 2.1 and 6.5 TeV at the 14, 27 and
100 TeV colliders respectively. For the Higgsino-like scenario, these numbers are reduced
to 300, 600 and 1550 GeV, primarily due to the smaller length of the disappearing track
and the reduced production rate. For the higher value of the background estimate, the
mass reach for the wino-like states are modified to 500, 1500 and 4500 GeV, respectively, at
the three collider energies. Similarly, for the Higgsino-like scenario, the reach is modified
to 200, 450 and 1070 GeV. We note that the signal significance in the disappearing track
– 13 –
95% Wino Wino Higgsino Higgsino
C.L. Monojet Disappearing Track Monojet Disappearing Track
14 TeV 280 GeV 900 GeV 200 GeV 300 GeV
27 TeV 700 GeV 2.1 TeV 490 GeV 600 GeV
100 TeV 2 TeV 6.5 TeV 1.4 TeV 1.5 TeV
Table 5: Summary of DM mass reach at 95% C.L. for an electroweak triplet (wino-like) and a
doublet (Higgsino-like) representation, at the HL-LHC, HE-LHC and the FCC-hh/SppC colliders,
in optimistic scenarios for the background systematics. See text for details.
search is rather sensitive to the wino and Higgsino mass values (thus making the 2σ and
5σ reach very close in mass). This is because, as the chargino lifetime in the lab frame
becomes shorter for heavier masses, the signal event rate decreases exponentially.
The improvements in going from the HL-LHC to the HE-LHC, and further from the
HE-LHC to the FCC-hh/SppC are very similar to those obtained for the monojet analysis
above, namely, around a factor of two and three, respectively. Although we have presented
the reach at the 100 TeV collider without reference to the cosmology of these DM candidates,
in order for a wino heavier than around 3 TeV and a Higgsino heavier than around 1 TeV not
to overclose the Universe, one would require a non-standard thermal history, with late-time
entropy production [49].
4 Summary and Outlook
Among the multitude of possibilities for particle DM, WIMPs remain a highly motivated
candidate due to the predictable nature of the thermal relic abundance, and the correlated
predictions for their experimental and observational probes. WIMP dark matter particles
that belong to a multiplet of the standard model weak interactions are one of the best
representatives, but are often challenging to probe in direct detection experiments due to
loop-suppressed scattering cross-sections. Searches at hadron colliders are thus crucial for
testing such a scenario, and depending upon the gauge representation, can be comple-
mentary to indirect detection probes in different mass windows. Moreover, since the relic
abundance of electroweak DM is uniquely determined by its mass value, they represent a
well-defined target in the collider search for DM in general.
In this paper, we studied collider probes of two representative scenarios for electroweak
DM, namely an wino-like SU(2)L triplet and a Higgsino-like SU(2)L doublet. In the absence
of higher-dimensional operators, radiative corrections generate a small mass splitting be-
tween the charged and neutral components of these multiplets, of the order of a few hundred
MeV, as reviewed in Sec. 2.1. This nearly degenerate spectrum motivates two major search
channels at hadron colliders for electroweak DM and its charged counterparts, namely, the
monojet with missing transverse momentum search and the disappearing charged track anal-
ysis. We examined the relevant signal and background processes for these search channels
in proton-proton collisions in Sec. 2.2, along with the methodology adopted for estimating
the event rates at colliders.
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We presented the distributions of the important kinematic observables and the details
of the kinematic selection criteria followed at different collider energies in Sec. 3.1. For
our analysis, we considered three options for future hadron colliders: the high-luminosity
HL-LHC, the proposed 27-TeV LHC upgrade (HE-LHC) and the 100-TeV FCC-hh/SppC.
We performed an optimization of the selection criteria for the two higher centre of mass
energies, maximizing the statistical significance of the particular search, at the same time
ensuring a large signal event rate.
The estimates of the expected mass reach at the 27-TeV HE-LHC are discussed in
Sec. 3.2. We also presented comparisons with the projected reach for the 14-TeV HL-LHC
and the 100-TeV hadron collider. Our results for these three options are summarized in
Table 5. In particular, we find that the disappearing charged track analysis at the HE-LHC
can probe Higgsino-like (wino-like) DM mass of up to 600 GeV (2.1 TeV) at the 95% C.L.,
making it complementary to the indirect probes using gamma rays from dwarf-spheroidal
galaxies, as mentioned in Sec. 1. The monojet and missing transverse momentum search, on
the otherhand, has a weaker reach of 490 GeV (700 GeV) at 95% C.L. for the Higgsino-like
(wino-like) states. We further see in Table 5 that across different collider energies, while
the reach for wino-like states is improved in the disappearing track analysis by around a
factor of three compared to the monojet search, for Higgsino-like states the improvement is
of the order of 100 GeV. We note that the performance in the monojet search will crucially
depend on how far the systematic uncertainties can be reduced using data-driven methods
at future high-luminosity runs, as the signal to background ratio remains at the few percent
level.
For the disappearing charged track analysis, we adopted a detector setup similar to that
of the ATLAS tracking system for the Run-2 LHC upgrade, with a new Insertable B-Layer
(IBL), which crucially extends the search reach for Higgsino-like states with a shorter decay
length in the tracker. Since the only way to understand the backgrounds for this search is
from the data, we extrapolated the 13 TeV ATLAS results to higher energies, keeping the
shape of the distribution as a function of the track transverse momentum unchanged, while
normalizing by the ratio of the total rates at different energies.
Although quite representative, it should be noted that our studies are limited to the case
of pure electroweak doublet and triplet states. In more general scenarios, in which mixing
among the electroweak multiplets, in particular, with an additional fermionic gauge singlet
is non-negligible, the considerations of relic abundance and detection techniques would
be substantially altered. This can also lead to rather rich physics scenarios at colliders,
depending upon the other particles in the spectrum and their mass differences. For example,
with a non-degenerate spectra in the chargino-neutralino sector of the MSSM, decays of the
heavier states can produce electroweak gauge bosons, which would in turn lead to signals
with multiple charged leptons and missing transverse momenta in the final state.
The LHC and its high-luminosity upgrade will lead the research in the energy frontier
for the coming decades. The possible high-energy upgrade to 27 TeV, the HE-LHC, is an
exciting option, and a potentially important step towards the 100-TeV territory at the FCC-
hh/SppC colliders. As we found in this paper, the proposed HE-LHC could significantly
extend the scope of electroweak DM searches beyond the reach of the HL-LHC. It would thus
– 15 –
have a fantastic potential for discovery, providing boost to the future collider programme
at 100 TeV.
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